Genetic variation at alcohol dehydrogenase and phosphoglucose isomerase loci in Bromur hodmm has in an earlier study been found to show substantial microgeographic spatial structuring. The present study reports differences in fitness related characters between the enzyme genotypes, both from a field study and a greenhouse experiment. The field study showed overall differences in seed set between allozyme genotypes and also that Pg-lb genotypes differed in number of seeds set at different levels of herb cover in their habitat.
INTRODUCTION
In the past decades numerous studies (for reviews see e.g. Koehn, Zera & Hall, 1983; Riddoch, 1993) have investigated to what extent different electrophoretic phenotypes of an enzyme, presumed to reflect differences in enzyme kinetics or stability, can affect the fitness of organisms. Differential selection pressures in an environment varying in time or space could, if fitness is shown to be affected by enzyme genotypes, be put forward as an explanation for the large amount of variation present on the enzyme level. The adaptednesdneutrality of enzyme variants is still however a much disputed subject. It has been argued that the overall flux through an enzymatic pathway will be relatively insensitive to activity variation at most steps (Kacser & Burns, 1981) ) and that the enzyme polymorphisms are kept in populations by a balance between mutation and genetic drift (e.g. Kimura, 1989) . The genetic structure in Beta vukaris ssp. maritima is influenced by isolation by distance when measured by RFLP but associated with habitat differences when measured by allozymes (Raybould, Mogg & Gliddon, 1997) ) suggesting direct selection on allozyme genotypes.
Watt (1 985) argues that whether or not a given change in the kinetics of a reaction step will significantly affect the flux through the pathway depends on the pathway's architecture. He further states that, for enzymes involved in metabolism, the pathway's centrality, and thus the fraction of the organism's energy budget which passes through the pathway, should be of main importance for the effect a change in pathway function can have on the fitness of the organism.
Phosphoglucose isomerase (EC 5.3.1.9, Pg) catalyses an intermediate step in glycolysis and its response to cytosolic energy status can result in storage or expenditure of carbohydrate resources. As glycolysis is the central point of all ATPbased energy supplies, Pgi allozymes are likely to be under control of selection (Watt, 1985) . In recent years the frequencies and distribution of Pgi alleles have received much attention. In plants, Pgi allozymes have been found to be associated with oxygen availability (Zangerl & Bazzaz, 1984) ) plant community composition (Prentice & Cramer, 1990) ) soil type (Nevo et al., 1981) ) latitude and altitude (Weber & Stettler, 1981) ) soil moisture and pH (Prentice et al., 1995) and seed set in different microhabitats (Liinn, Prentice & Bengtsson, 1996) . Also, in invertebrates, different Pgi alleles have been shown to influence the performance of different genotypes differently. Edwards & Heath (1983) found differences in survival between adult water living isopods (Sphaemma lugicauda) depending on their Pgi genotype, probably related to low water temperatures in the winter season. Differences in fecundity between females of different Pgi genotype were also found. Studies of another water living isopod species, Assellus aquaticus, showed differences in the mortality among young individuals, caused by differential selection on the Pgi genotypes mediated by a low oxygen concentration (Shihab & Heath, 1987a,b) , as well as differences in fecundity between females. Individuals of C o l h butterflies have been shown to differ in survival and fecundity depending on Pgi genotype, temperature being the selective agent (Watt, 1977 (Watt, , 1983 (Watt, , 1992 Watt, Carter & Blower, 1985; Watt, Cassin & Swan, 1983) .
Alcohol dehydrogenase (EC 1.1.1.1, Adh) functions in anaerobic respiration, catalysing the reduction of acetaldehyde to ethanol. High Adh activity has been suggested to lead to accumulation of toxic amounts of ethanol during longer periods of flooding (Crawford, 1967; McManmon & Crawford, 1971) . The high activity Adh allozymes could therefore be expected to be under a negative selection pressure under prolonged, but advantageous during temporary, anaerobic conditions. There are two, probably independent, alcohol dehydrogenase loci in Bmmus hordeaceus, Adh-1 a and Adh-1 b (Brown, Marshall & Albrecht, 1974) . Adh-1 a appears to be fixed for the faster migrating allozyme (F'). (Brown et al., 1974; Lonn, 1993) . Brown, Marshall & Munday (1976) found seed enzyme extracts from Adh-lb-F homozygotes to be about 12% more active than extracts from Adh-1 b-S homozygotes.
It was also shown that Adh-1 b-S homozygotes produced about 13% more dry matter when grown under continuous flooding of the roots in the green-house. Seeds from Adh-1 b-F homozygotes germinated faster than did seeds from Adh-1 b-S homozygotes at 2OC but not at 15°C. In an earlier study Brown et al. (1974) , examining microgeographic differentiation in an environment variable for soil moisture, found no differences in Adh-lb allozyme frequencies between wet and dry sites. Lonn (1993) investigating the genetic structure and habitat parameters on a finer scale than Brown et al. (1 974) found the frequency of the Adh-1 b-S allele in B. hordeaceus to be positively associated with soil depth and also associated with the cover of bryophytes and grasses. The distribution of the Pgi alleles was also investigated by Liinn (1 993). The Pgi-1 b-F allele frequency showed negative association with soil depth and the frequency of Pgi-lb-M was positively associated with soil depth and also associated with the cover of bryophytes, lichens and grasses. The association between the frequency of Adh-1 b-S and soil depth was suggested to be a reflection of differential selection favouring this low activity allele in depressions with deeper soils which are waterlogged for long periods during autumn and spring.
If individuals that differ in genotype at an enzyme locus are thereby differently adapted to different environments this is likely to affect multiple aspects of the phenotype. An individual can express one phenotype in an environment to which its allozymes are well adapted and another in an environment to which its allozymes are less well adapted. There is now increasing evidence for heritability of plastic responses (e.g. Bradshaw, 1965; Jain, 1978; Scheiner & Lyman, 1989) . It has been suggested that the plasticity of a trait is an independent property of that trait and is under its own specific genetic control (e.g. Bradshaw, 1965; Schlichting & Levin, 1986 , 1990 Sultan, 1987; MacDonald & Chinnappa, 1989; Thompson, 1991; Jasienski, Ayala & Bazzaz, 1997) and that the plasticity might be considered as an adaptive trait in itself Via (1993) argues that different allelic sensitivities to an environment may be an alternative explanation to this 'phenotypic plasticity gene'. We propose that 'adaptive phenotypic plasticity' could partly arise from selection favouring individuals of differing enzyme genotypes in different environments.
The aim of the present study was to search for direct fitness differences, possibly creating the associations between allele frequencies and habitat variables found by Liinn (1993) , using data both from the field and from a greenhouse experiment. We also wanted to examine the idea that differential adaptedness of allozymes to environments may create differences in reaction norms and thus could be suggested as an alternative explanation for the existence of heritability for amount of phenotypic plasticity. To examine this more thoroughly both reproductive and vegetative characters were examined in the experiment.
MATERIAL AND METHODS
Bromus hordeaceus is an annual, ailotetraploid (Stebbins, 1981) grass, germinating in the autumn and setting seeds the following summer. Population differentiation in the centre of origin, the Mediterranean area, was investigated by Ainouche, Misset & Huon (1995 revealing allozyme differentiation both between regions and between populations within regions, and confirming the allopolyploid origin of and disomic inheritance in B. hordeaceus by the finding of fixed heterozygosity in several isozyme loci. It is a largely self-pollinated species with outcrossing rates of less than 1% in England (F3rown & Marshall, 1981) , 2-10% in California (Jain, Marshall & Wu, 1970 ) and 7-18% in Australia (Brown et al., 1974) . High levels of s e h g create grouping of related individuals through restricted gene flow (e.g. Golenberg, 1987; Lijnn & Prentice, 1990) , and this grouping is reinforced by the fact that the seeds of B. hordeaceus are only spread over a small area (Lonn, 1993 (Lonn, 1993) , both in the autumn and in the spring.
Sampling procedure
The study area chosen was situated in the southern part of the island on the grasslands outside Sodra Mockelby (56'2 1'26'3, 16'27'3"E). In order to avoid multiple sampling within habitat patches, three habitat categories were assigned: dry, wet and meadowlike, and a total of 45 (1 x 1 m) plots were selectively laid out, 15 in each of the habitat categories. Plots from each category were sampled only if interspersed with a plot from another category. The minimum distance between plots was 20 m. Within each plot, three randomly selected individuals were sampled in late June. The seeds from each individual were collected and counted. The percentage covers of grasses, herbs, mosses and lichens were estimated from the area covered by each layer independent of the cover of the other layers, within a circle of 0.1 m in radius around each plant. Soil depth was measured at five spots within this circle, one in the middle and four close to the periphery, with maximum separation, and the mean value was calculated. 
Engme electrophoresis and determination of maternal genoppe
Seeds were placed in water-filled Eppendorf tubes in a refrigerator for 48-72 h to enhance enzyme activity. Extraction was carried out in gel buffer using Plexiglas wells. Electrophoresis was carried out as in Ldnn (1993), omitting Zn-EDTA from the Adh staining recipe. The gels were stained for alcohol dehydrogenase (Adh, EC 1.1.1.1) and phosphoglucose isomerase ( P ' , EC 5.3.1.9). Both enzymes migrated anodally; alleles were numbered in order of decreasing mobility. Variation was scored at the Adh-1 b and the Pgi-1 b loci. The Adh-1 b locus coded for a dimeric enzyme, and two alleles (1 and 2) were found. At the dimeric Pgi-lb locus, four alleles (lf, 1, 2 and 3) were present in the studied population. The mobilities of all alleles except If are described in Lijnn (1993) . The electrophoretic phenotypes are renamed in this study. Adh-1 b-1 corresponds to Adh-1 b-F and Adh-1 b-2 corresponds to Adh-1 b-S in the studies by Ltinn (1993) and Brown et al.
( 1 974). Pgi-lb-1 is the same as Pgi-lb-F, Pgi-lb-2 the same as Pgi-lb-M and Pgi-lb-3 corresponds to Pgi-lb-S in Lijnn (1993) . The Pgi-lb-lf allele has a mobility of 1.38 relative to the Pgi-lb-1 allele.
The observed frequency of heterozygote individuals of B. hordeaceus on Oland by Ltinn (1993) was 1/374 (=0.0027). This figure would predict that a seed with a homozygous genotype with an estimated probability of at least 99.7 YO should come from a mother of the same genotype. The maternal genotype was in this study determined from one seed from the maternal plant. Three seeds with a heterozygous genotype were found in this study, indicating either a heterozygous maternal plant or a recent outcrossing event. The three corresponding maternal plants were excluded from further use in the investigation.
&enhouse experiment
A total of 346 seeds, six from each of the 58 individuals sampled in the field on Oland, were sown in late October in the greenhouse in Uppsala in central Sweden, after seed weights had been recorded. Individuals were chosen from the total 135, to give an equal number of the two Adh genotypes, and as equal a number as possible of the four Pgi genotypes. In cases where the selection procedure allowed the possibility of choosing individuals, this was done randomly. The seeds were sown in plastic pots of 5 x 5.5 x 6 cm placed in 12 plastic seed trays containing 30 small pots. Soil of low fertility was used. One seed from each of the 58 individuals was assigned randomly to the two seed trays; our aim was to treat them once, the two extra small pots being sown with seeds from individuals not included in this experiment. For each pair of seed trays a new randomly chosen order of the individuals was used. The seedlings were kept in a relatively warm environment until the beginning of January when they were transferred to an unheated section of the greenhouse, with temperatures approaching those outside. This cold treatment was applied to vernalize the plants, and thus initiate flowering. After 2.5 months in the cold section, the height of the plants was measured. Some individuals were found to be in a less good condition, with some dead leaves, so their condition (good or bad) was also noted, in order to be able to control for possible effects of variation in initial condition in the analyses. The plants were then transferred to a warmer section and after a week the different treatments were started.
We used six different treatments. The first was dry; over a 5 week period the soil was allowed to dry out and remain dry for about 5 days before the plants were watered and then allowed to dry out again. We also applied a 'normal) treatment, where the soil was kept moist, but not wet, during the 5 week treatment period. Four flooding treatments were applied, with plants completely submerged in water 1, 2, 4 or 5 weeks, after which the plants were treated 'normally).
As a precaution against differences in light regimes all flower pots were kept in boxes of the same height and width, so that any possible differences would be caused by the water, After 6 weeks, 1 week after the treatment period ended, all plants were given a very weak nutrient solution. This was the only time nutrients were added to the pots. Individuals were harvested successively, when the seeds on their first tiller became ripe. Harvesting at a defined developmental stage is one of the approaches suggested by Coleman, McConnaughay & Ackerly (1994) to deal with the problem that plants grown in different environments often show different growth rates and thus will be of different sizes and developmental stages at a given age. Variables recorded were survival, plant height, dry weight of the whole plant and of the shoots, roots and reproductive parts separately, mean dry weight of the seeds on the first tiller with mature seeds, number of tillers, leaves and spikelets, number of days to seed maturation. Two variables were derived, the percentages of reproductive parts and of roots compared with the total weight.
Stahtical anabses
Generalized linear models were used for analyses of deviance (McCullagh & Nelder, 1989; Crawley, 1993) and for analyses of variance. Response variables (e.g. number of seeds) were considered to have Poisson error distributions. Response variables with an upper limit (e.g. survival and ratios) were considered to have binomial error distributions. Continuous response variables were considered to have normally distributed errors unless residual plots indicated that the variance was increasing with the mean. In such cases a gamma error distribution was used, assuming a constant coefficient of variance rather than a constant variance (cf. ter Braak & Looman, 1987; McCullagh & Nelder, 1989; Crawley, 1993) . We always examined plots of residuals against fitted values, in cases where this led us to assume other error distributions than those mentioned, this is described in the result section. The generalized linear model analyses were carried out using GENSTAT 5, release
(Lawes Agricultural Trust, 1995).
Interaction terms between continuous variables, were calculated as the product of the original variates (Lawes Agricultural Trust, 1995) . To facilitate the interpretation of the effects of the interaction variates, the latter were standardized by subtracting the minimum value observed and dividing by their standard deviance before multiplication.
In the analysis of seed production in the field, variation between plots was used as the error term since observations within plots could be considered dependent by spatial autocorrelation. The effect of each explanatory variable is measured by the change in deviance caused by its inclusion in the model. The mean deviance (deviance/df) of each variable was divided by the dispersion factor and referred to a F-distribution for significance testing;
In the analyses of the greenhouse experiment the height of individuals prior to the start of treatment, and the weight of the seed they were sown from were included first in the models as explanatory terms to remove their effects. When survival was analysed, the condition of the individuals prior to treatment was also included first in the analysis in order to remove the effect of initial condition on survival probability. All individuals noted to be in a bad condition (32 out of 342) actually died during the treatment period so this term was not of any use in analyses of other treatment effects.
RESULTS
Seed production in the field stu&
The analysis of seed production in the field was first performed as an analysis of deviance assuming a Poisson error distribution. The plot of residuals against fitted values showed that residuals were larger for larger fitted values. This effect disappeared when instead the logarithm of seed number was used as response variable in an analysis of variance, assuming a normal error distribution. The results from the analysis of variance examining how seed set was affected by habitat variables, by the different genotypes at the Pgi and A& loci and by all two-way interactions between the terms is shown in Table 1 . Allozyme genotypes were fitted first in the model to investigate if there were overall differences in seed set between genotypes. There were significant differences in seed set between genotypes at both loci investigated. For Pgz-lb genotypes the mean fitted values (and standard errors) were lflf: 12.3 (3.6), 11: 18.4 (4.0), 22: 26.9 (4.8) and 33: 31.6 (6.7). For Adh-lb genotypes the mean fitted values and standard errors were 11: 18.9 (3.8) and 22: 27.1 (3.8). There were significant differences in seed set between the habitat categories dry, wet and meadow and seed set was positively associated with large moss cover and negatively associated with large grass cover and a with a high grass cover x herb cover product. The seed set of different Pgi-lb genotypes were differently related to herb cover. The seed set of Pgi-1 b 22 genotypes were positively associated with herb cover, while the effect of herb cover was less on the other Pgi-lb genotypes.
G'reenhouse experiment
All the measured variables were analysed in models like those shown in Table 2 .
For two of the variables, mean seed weight on the first ripe spikelet and days to seed maturation (Table 2) there were significant genotype x treatment interactions.
The values for different genotype x treatment combinations predicted from the two models are illustrated in Figures 1 and 2 . Seeds from individuals with Adh-lb-1 1 genotype mature faster in the dry treatment and slower in the flooded treatments than does seeds individuals with the A&-lb-22 genotype (Fig. 1) The genotype Pgi-1 b-1 fl f gets heavier seeds than the other genotypes under flooded conditions (Fig.  2 ). There were significant effects of treatment differences in all models and the predicted values and standard errors for the different treatments are shown for all recorded variables in Table 3 . More than half of the plants died during the treatment TABLE 1. Analyses of variance using the logarithm of the number of seeds produced in each individual in the field study of Bmus honleacGus on Oland as the response variable. The error distribution was assumed to be normal. The explanatory variables were habitat categories, habitat characteristics, enzyme genotypes in the two loci Pg-lb and A&-lb and all two-way interactions. The explanatory variables and their interactions are given in their order of inclusion into the model. The error term is estimated from the mean sum of squares between plots. Variance ratios are tested for significance by referring them to an F distribution. Regression coefficients are given for variates with significant effect and also (interspersed) for the different regression lines from the significant interaction term between Pgi-lb genotype and herb cover period (187 out Table 2. root weight was higher in plants flooded 4-5 weeks compared to the other treatments. Seeds from flooded plants matured later than did seeds from plants in the dry and normal treatments.
In several of the analyses there were significant main effects of allozyme genotype in Pgi-1 b or A&-1 b (Table 4) The predictions are made from the models in Table 2 and from similar models not shown in Table 2 . 
Treatment

DISCUSSION
Seed production in thejeld stu&
The significant effects of the interaction between Pgi-1 b genotype and herb cover on the seed production found in this study (Table 1) indicate that Pgi-1 b-22 individuals in particular differ in fitness between environments, producing more seeds when growing in a habitat with high cover of herbs and less when the cover is low. The response of Pg-lb-lflf individuals is the reverse. This difference in seed production may be interpreted as being caused directly by differences in vegetation but is perhaps more likely to reflect selection caused by some other environmental variable, reflected or mediated by the vegetation cover, e.g. soil composition, soil moisture or temperature. Cover of herbs was not one of the variables found to influence genetic structure by Lijnn (1993) ; the investigations are, however, made in different years, places and include partly different habitat types. One possible explanation for the association found in this study might be that high vegetation cover herbs create a protected microclimate with less fluctuation in temperature, damping the extremes, and that this is an advantage for individuals of the Pgi-lb-22 genotype. There is probably also less fluctuation in soil moisture which might be an alternative selective agent.
Genotypes of both of the A&-1 b and of the Pgi-1 b loci showed significant main effects on seed set (Table 1 ) before habitat characteristics were included in the model. Individuals with genotypes Pgi-lb-22 and 33 or A&-lb-22 produced more seeds than the other genotypes. One allozyme genotype constantly producing more offspring should lead to a population monomorphic for this locus, even more quickly in a species such as B. hrdemm, where outcrossing events are rare. This suggests that selection might also be variable at another scale of time or space. Selection differentials may, for example, vary between years because of contrasting weather conditions, or within years, as different genotypes are favoured at different stages of the life cycle.
The rare genotype Pg-1 b-1 fl f sets less seed than other genotypes in the field and its seed weight reaction norm during flooding is different from that of other P&-1 b genotypes. The If allele is absent in the investigation by Lijnn (1993) and it is possible that it is an allele introduced from adjacent f m s by adhesion to grazing animals (Fischer, Poschlod & Beinlich, 1996) or machinery (Strykstra, Bekker & Verweij, 1996) and that the allele is selected against in the semi-natural alvar grasslands. This suggestion also points to the possibility that grazing animals can be important dispersal vectors for B. hordemeus.
Individuals with the genotype A&-1 b-22 reached seed maturation faster than Adh-1 b-1 1 individuals in the flooded treatments; there was no difference in the 'normal' treatment and in the dry treatment seeds from Adh-lb-1 1 individuals matured faster than seeds from A&-lb-22 individuals (Table 2, Fig. 1 ). Lonn (1993) found Adh-lb-1 1 genotypes to be associated with dry microhabitats and A&-lb-22 genotypes to be associated with flooded microhabitats. One possible explanation for this observed allele-habitat association is that individuals on the shallow soils on oland often die before having had time to set f d y developed seeds, both in dry habitats but also in the previously flooded habitats which soon dry up when the dry summer period starts (Lonn, unpublished observations) . A faster maturation rate could therefore be of high adaptive value, giving the individual a better chance to contribute seeds to the next generation.
The fact that Adh-lb-22 individuals, containing a less active allozyme (Brown et al., 1976) , mature faster than Adh-lb-1 1 individuals in the flooding treatments could indicate that they are not as affected by this treatment due to less accumulation of toxic ethanol (Crawford, 1967; McManmon & Crawford, 1971; Brown et al., 1976) . The idea that ethanol is toxic to plant cells has been criticized by Jackson, Herman & Goodenough (1982) , who did not find any effect strong enough to lead to the injuries many plants exhibit in waterlogged conditions derived from ethanol applied to plant tissues in concentrations normally found under flooding conditions. The idea that ethanol accumulates (to toxic concentration) in plant tissue has also been criticized since ethanol is an uncharged molecule and so should be readily released from the cell (Davies, 1980) . There are also reports on growth rates of experimentally flooded Tn$lium repens where individuals with high Adh activity are more flood tolerant than individuals with low Adh activity (Chan & Burton, 1992) . Their flooding treatment was less severe than our flooding treatment, but comparable with that of B. hordeaceus by Brown et al. (1976) , resulting in lower growth of individuals with high Adh activity. Those results, together with our result that high Adh activity can make seed maturation faster (in dry conditions) and slower (in flooded conditions) points to the possibility that there is a range of different flooding conditions that perhaps influence different aspects of anaerobic respiration due to complex pathways (Hastings, 1992) , and that various species could react differently (Crawford, 1977) . Another possible explanation for selection against the more effective allozyme could be that individuals possessing it convert available glucose to ethanol more effectively, thereby depleting their energy resources to a higher degree, the ethanol being lost to the surrounding medium. If this is so, the Adh-lb-1 1 individuals might need to accumulate more resources after a flooding period than the Adh-1 b-22 individuals before being able to produce seeds and would hence have a longer maturation time.
The genotype at the Adh-lb locus showed its main effect on mean seed weight and the number of days to seed maturation (Table 4) , individuals with the Adh-lb-22 genotype had heavier seeds which matured faster. The genotype at the Pgi-lb locus revealed its main effects on several measured characters (Table 4) . Pgi-lb-lflf individuals have the lowest total plant weight, the lowest weight and also the lowest weight percentage of reproductive parts. They were, on the other hand, the fastest to mature and had much heavier seeds than the other Pgi-1 b genotypes. Pgi-1 b-22 genotypes had the lowest survival probability, but those surviving were heavier, had heavier reproductive parts and the highest weight percentage of reproductive parts. These differences can only be explained by general experimental conditions affecting individuals with different Adh-lb and Pgi-lb genotypes differently, but we cannot compare them with other experimental conditions. The significant effects of the Pgi-lb x treatment interaction on seed weight and of the Adh-lb x treatment interaction on the number of days to seed maturation (Figs 1, 2) , and also the effect on the number of seeds in the field study from the Pgi-1 b x cover of herb interactions show that reaction norms differ between allozyme genotypes. Jain (1 978) found a significant genetic determination of plasticity in time to flowering in B. hordeaceus; this character is most likely to be correlated with number of days to seed maturation, where we found a significant effect of the Adh-1 b x treatment interaction, which shows that phenotypic plasticity in days to seed maturation is partly determined by Adh-1 b genotype.
In our study, individuals containing Pgi-1 b-1 fl f alleles and Adh-1 b-1 1 alleles are more plastic (see Figs 1, 2) than those with other alleles. This shows that the phenotypic plasticity of characters might in some cases be explained by allozyme variation at specific loci, where Merent genotypes show different rection norms, lending support to the proposition by Via (1993) that 'adaptive phenotypic plasticity' is not a character in its own right but a by-product of differential selection in a variable invironment. We can also state that allozyme genotypes in only two loci in several aspects significantly influence the performance of B. hordeaceus individuals both in the field and in the greenhouse.
